Using a linearly chirped optical probe pulse in free-space electro-optic measurements, a temporal wave form of a co-propagating THz field is linearly encoded onto the frequency spectrum of the optical probe pulse, and then decoded by dispersing the probe beam from a grating to a detector array. We achieve acquisition of picosecond THz field pulses without using mechanical time-delay device. We also demonstrate a single-shot electro-optic measurement of the temporal wave form of a THz pulse.
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Conventional time-domain optical measurements, such as THz time-domain spectroscopy in pump/probe geometry, use a mechanical translation stage to vary the optical path between the pump and probe pulses.
1- 4 The intensity or polarization of the optical probe beam which carries information generated by the pump beam is repetitively recorded for each sequential time delay. In general, this data acquisition in the temporal scanning measurement is a serial acquisition; the signal is recorded during the probe pulse sampling through a very small part of the THz wave form ͑roughly the pulse duration of the optical probe beam͒. Therefore, the data acquisition rate in this single channel detection is limited to less than 100 Hz for a temporal scan on the order of tens of picoseconds. 5 Clearly, this relatively slow acquisition rate cannot meet the requirement for real-time measurements, such as time-domain THz spectroscopy of fast-moving objects or flame analysis. To increase the acquisition rate, parallel data acquisition or multichannel detection is required. One possible method is to extend the novel design of ''real time picosecond optical oscilloscopes'' for the local-field characterization to the freely propagating THz field applications. [6] [7] [8] In this letter, we present experimental results of electrooptic measurement of freely propagating picosecond electromagnetic pulses by using a linearly chirped ͑a linear ramp of frequency versus time͒ optical beam. The temporal wave form of a THz pulse is simultaneously recorded on the differential spectrum profile of the optical probe beam. By measuring the spectrum difference of the probe beam with and without pulsed electromagnetic field modulation, temporal measurement of THz wave form is obtained without a moving element for the time delay. We also demonstrate a singleshot electro-optic measurement of a freely propagating THz pulse. Figure 1 schematically illustrates the experimental setup of the electro-optic measurement with a chirped optical probe beam. The geometry is similar to the conventional free-space electro-optic sampling setup, 9 except for the use of a grating pair for chirping and stretching the optical probe beam, and a grating-lens combination with a detector array for the measurement of the spectral distribution. 6 Two laser systems are used as the optical source; one is a Ti:sapphire laser oscillator ͑Spectra-Physics Tsunami͒ with an average power of 2 W and a pulse duration of 100 fs at an 82 MHz repetition rate, and the other is an amplified Ti:sapphire laser ͑Coherent Rega 9000͒ with an average power of 0.9 W and a pulse duration of 200 fs at 250 kHz. The center wavelength of the Ti:sapphire lasers is about 820 nm with a spectrum bandwidth from 7 nm ͑Rega͒ to 17 nm ͑Tsunami͒. The THz emitter is a 8 mm wide GaAs photoconductor. A polylens of 5 cm focal length focuses the THz beam onto a 4 mm thick ͗110͘ ZnTe crystal. The optical probe pulse is frequency chirped and time stretched from sub-picoseconds to over 30 ps by the grating pair. Due to the negative chirp of the grating ͑pulse with decreasing frequency versus time͒, the blue component of the pulse leads the red component. The fixed delay line is only used for the positioning of the THz pulse within the duration of the synchronized probe pulse ͑acqui-sition window͒ and for temporal calibration.
When the chirped optical probe pulse ͑approximately 30 ps long͒ and a THz pulse co-propagate in the ZnTe crystal, the polarization of different wavelength components of the chirped pulse is rotated by a different portion of THz pulsed field through the Pockels effect. The degree and direction of rotation is proportional to the THz field strength and polarity. After the optical analyzer, the polarization modulation is converted to the amplitude modulation on the spectrum. The grating-lens combination is used to disperse and focus the collimated probe beam on a linear diode array ͑LDA͒. The linear diode array ͑PI, ST-120͒ has 1024 pixels with a 14 bit dynamic range. Similar to the THz imaging experiment, 10 tical transmission to avoid detector saturation due to the finite dynamic range of the detector array. Laser scattering from the ZnTe crystal provides moderate background light with a random polarization. The net change of the probe beam is small compared with the background light, so the electro-optic measurement is close to the linear operation even when a crossed analyzer is used. In electro-optic measurements, the modulation depth is proportional to the THz field strength, and the THz field strength is proportional to the laser intensity on the emitter ͑moderate laser intensity͒. Typical maximum modulation depth of the spectrum is 20% for the use of an amplified laser ͑Rega͒ and about 0.01% for the laser oscillator ͑Tsu-nami͒. This ratio is consistent with the ratio of the peak optical powers of the lasers. Figure 2 plots the spectral distributions of the chirped probe pulse measured by the linear diode array, with and without the presence of the THz pulse in ZnTe crystal. The fine structure on the wave form peak comes from the spectrum of the Rega amplified laser.
The temporal THz signal can be extracted by measuring the difference between the spectral distributions of the probe pulse with and without THz pulse modulation. Figure 3 shows the differential spectrum distribution (⌬I) of the chirped probe pulse in Fig. 2 . This differential distribution reconstructs both amplitude and phase of the temporal wave form of the THz pulse. The data acquisition time of the linear diode array is 33 ms ͑the minimum exposure time of this detector͒. The full THz wave form is measured by each single optical probe pulse. This spectrum is a result of 8250 averages of the pulses ͑33 ms exposure time of linear diode array and a 250 kHz laser repetition rate͒. If a pair of balanced linear diode arrays is used, similar to the pair of balanced photodetectors used in the conventional electro-optic measurement, the signal-to-noise ratio ͑SNR͒ should be greatly enhanced. As a comparison, Fig. 4 plots a THz signal measured by the conventional electro-optic pump/probe method. The spectral wave form in Fig. 3 reconstructs the temporal wave form in Fig. 4 .
The spectrum in Fig. 3 shifts horizontally by adjusting the fixed delay line. Moving the fixed delay line is equivalent to placing the terahertz field in a different portion of the probe beam spectrum and it can be used as a marker to calibrate the time scale. Figure 5 shows the normalized differential spectrum distribution ͓(⌬I/I) by adjusting the fixed delay line at a step of 0.2 mm ͑1.3 ps round trip time͔͒. The offset of the spectrum is shifted for better display. The noise at the edge pixels comes from the spectrum normalization with a small background. These wave forms shift linearly with the fixed time-delay step. The total spectral window ͑1024 pixels͒ is equivalent to 44 ps, corresponding to 43 fs/pixel.
In order to contain the full THz wave form within the temporal acquisition window, the chirped pulse duration must be longer than the time duration of the THz signal. However, longer chirped pulse duration with a fixed spectrum bandwidth degrades the temporal resolution. A good trade-off is to keep the chirped pulse duration slightly longer than the THz signal ͑1.5 to 2 times͒. There are three methods ͑fiber, grating, or prism͒ that can be used to chirp an optical pulse. However, the dispersion from a prism is small, so it is hard to provide tens of picosecond pulse; an optical fiber can provide excellent chirp, but the pulse duration is not tunable. A grating pair may be a good choice, since a grating provides a reasonable dispersion and the pulse duration of the stretched probe beam can be adjusted by varying the distance between two gratings.
The most important feature of this chirped probe pulse measurement is its acquisition speed, crucial for real-time analysis and imaging applications. 10 It should be noted that the temporal resolution of the chirped pulse characterization cannot match the resolution provided by an unchirped pulse measurement. The analysis based on a chirped beam gives the temporal limit of this system by the square root of the product of the original pulse duration and the chirped pulse duration. This analysis also assumes the laser pulse is diffraction limited with a simple Gaussian profile. 11 For example, assuming the original pulse duration of 200 fs, and the chirped pulse duration of 40 ps, the best resolution is 2.8 ps. The duration between the maximum and minimum of the wave form in Fig. 3 ͑chirped probe beam͒ and in Fig. 4 ͑unchirped probe beam͒ is 3.6 and 1.2 ps, respectively. A factor of 3, due to the chirping, agrees well with the calculated temporal limit. It should be noted that this resolution is not the minimum resolved temporal step. For example, in Fig. 5 , a temporal shift as small as 100 fs can be resolved by adjusting the fixed time delay.
The electro-optic measurement with a chirped optical probe pulse is capable of a single-shot measurement of a full THz wave form. In this measurement, the repetition rate of the amplified laser was reduced to 10 kHz first, then it was further reduced to 100 Hz by using an additional optical shutter. A charge coupled device ͑CCD͒ camera ͑Princeton Instruments, Inc., CCD-1242E͒ was used to replace the linear diode array. The CCD camera has 1152ϫ1242 pixels and a full well capacity of greater than 500 000 electrons. The exposure time of the camera was 10 ms. One shot measurement received only one optical probe pulse. We took a single-shot spectrum without the THz field first and saved it as the background, then we took a single-shot spectrum with the THz field and performed a subtraction by the background. Figure 6 plots a single-shot differential spectral distribution wave form of a THz pulse. The SNR is about 60:1. This SNR can be greatly improved by subtracting the S and P components of the single-shot spectrum to reduce the noise, as it is commonly used in the standard differential electro-optic measurement. 4 In conclusion, we report electro-optic measurement of freely propagating THz beams by using a chirped optical probe beam in an electro-optic crystal. The temporal measurement of THz wave form is obtained without a mechanical moving element for the time delay. A full temporal wave form of a THz pulse can be measured by a single chirped optical pulse. To the best of our knowledge, this is the first single-shot measurement of a THz pulse without any averaging. The real-time or single-shot electro-optic measurement with a chirped probe beam is also suitable to onedimensional ͑1D͒ imaging. 
